INTRODUCTION
Cadmium sulfide (CdS) plays an important role in photocatalytic energy conversion (e.g., photogeneration of hydrogen from water ( 1 ) or aqueous alkaline sulfide solutions (2)), in photocatalytic synthesis, as well as in decomposition of organics (3) . Most of the studies on photocatalysis of CdS have been performed with CdS colloids and suspensions (4) .
The large diversity and occasionally even irreproducibility of the experimental results with respect to photochemical yields of particulate CdS systems as reported in the literature are probably due to the use of CdS powders with different, sometimes ill-defined, physicochemical properties (1, 5) . A proper description of powders to be used in such studies should at least contain data on particle size, specific surface area (6), crystal structure (7), chemical composition, and concentration of impurities.
In the frame of a study by the authors of the transport kinetics of cadmium ions between solid CdS and its solution under steady state (equilibrium) conditions via "heterogeneous isotopic exchange" (8) , well defined CdS suspensions were needed. Monodispersed suspensions of smooth particles having the same shape and crystal structure (9) are required to exclude non-steady-state processes (e.g., Ostwald ripening and recrystallization) (10) .
We considered precipitation from electrolyte solutions with hydrogen sulfide to be the most practical method for the preparation of CdS particles, as well as of CdS particles containing l°9CdS. Such radioactive particles have been used for the determination of solubility of CdS at pH 1-14 ( 11 ) .
The formation of precipitates from electrolyte solutions is a rather complex process involving at least three steps: nucleation (heterogenous or homogeneous), crystal growth, and aging (aggregation, agglomeration, recrystallization, etc.). The kinetics and the mechanism of each of these steps depend on a number of parameters (chemical composi-tion of the liquid phase, temperature, mode of mixing, etc.); hence the precipitate properties (crystal structure, particle size distribution, particle shape, surface characteristics) are a complicated function of most of the parameters mentioned.
Data on the effect of precipitation conditions on the properties of the CdS particles are scarce (12) (13) (14) . This study deals with the influence of the types of the precipitating components and their concentration on (i) the crystal structure, 1 size, shape, and specific surface area of the particles obtained by precipitation with hydrogen sulfide, as well as on (ii) the uptake by CdS of the nonconstituent anions (as impurities) from the solution during precipitation. The ultimate aim of the present study is to develop a convenient procedure for the routine preparation of micrometer-size CdS particles suitable for a radiotracer study of cadmium transport in CdS suspensions.
EXPERIMENTAL

Precipitation
Reagent grade chemicals and distilled deionized water were used to prepare the precipitation media containing a cadmium salt (nitrate, chloride, sulfate, or perchlorate) and a mineral acid (nitric, hydrochloric, sulphuric, or perchloric). A number of precipitation media also contained ammonium chloride. The composition of the precipitation media is given in Table I .
The precipitation of CdS was carried out in the dark by gassing 1 liter of a precipitation medium with hydrogen sulfide (purity: 99.95%) for 1 to 7 h (longest time for highest cadmium concentration). The gas flow was kept at 0.2 ml. s -1 and the temperature at 25°C. The solution was agitated by a magnetic stirrer, using a rod provided with a rubber ring. After settling for about 24 h the clear and colorless supernatant was decanted. The precipitate was then collected by vacuum filtration ~ Cadmium sulfide crystallizes in two modifications: hexagonal (a) and cubic (fl). on a cellulose filter (0.2/tm pore diameter) or cellulose nitrate membrane (0.025 t~m pore diameter), washed with 0.5 liter distilled deionized water followed by 0.2 liter acetone, and dried at 110°C for about 12 h. The color of the precipitates varied from red to yellow.
X-ray Powder Diffraction Analysis
The precipitates were analyzed by X-ray powder diffraction using Cu-K~ radiation and a Guinier-De Wolff camera. The intensity of the lines as recorded on the film was determined by integration of the density curves obtained by means of a microdensitometer.
The weight or mole fraction of the cubic modification in CdS of the precipitates, Fcub, was calculated using the formula
in which I002+111 is the intensity of a combined line originating from hexagonal (002) and cubic ( 111 ) reflections, 110o is the intensity of the hexagonal (100) line, p = 1111/11oo for equal amounts of cubic and hexagonal CdS (p = 1.75 as calculated by a computer algorithm (15)), and q = loo2/11oo for hexagonal CdS (q = 0.8 (16)). The X-ray diffraction lines of most of the samples analyzed were broadened, obviously due to the size and the strain effects related to small crystallites or lattice distortions. The average crystallite size d~ was calculated from the width of broadened cubic ( 111 ), hexagonal (002), or combined line using a procedure based on the Scherrer formula (17) . The instrumental line broadening was determined using a CdS powder (puriss., Fluka AG, Switzerland), consisting of crystalline (hexagonal) particles of a size well in excess of 100 nm.
Transmission Electron Microscopy and Electron Diffraction Analysis
Particle size distribution was determined by counting and measuring the round particle images on microphotographs obtained by means of a transmission electron microscope (Philips EM 400). The necessary samples were prepared by applying ethanol suspensions of CdS to a copper grid supported carbon film.
Three characteristic mean particle diameters, namely (i) the number, length mean diameter dl, (ii) the number, surface mean diameter ds, and (iii) the number, volume mean diameter dr, and the standard deviations of these diameters respectively ~d,, eras, and ~av were calculated by using formulas (18) The same microscope, but now in the electron diffraction mode, was used for the determination of the crystal structure of small, single crystallites present in particles consisting of equal amounts of both CdS modifications. The sample was prepared by crushing particles suspended in ethanol. After stirring, ultrasonic vibration, and centrifugation of the suspension, the supernatant (still containing some fines) was applied to a copper grid supported carbon film. Crystallite structure measurements proved to be feasible for crystallite sizes over 100 nm.
Specific Surface Area and Density Determination
The specific surface area A of the precipitates was determined by the volumetric BET method, using nitrogen or methane (for A < 8 m 2. g-~ ) as adsorbate.
The geometric specific surface area Ageo was calculated using the formula 6(ds) 2 Ageo -p(dv)3 [3] in which P is the apparent density of the particles as determined by the pycnometer technique using water as the liquid phase.
Chlorine and Sulfate Determination
The chlorine impurity concentration in the CdS powders was determined by instrumental neutron activation analysis. The material to be analyzed (3-5 mg) was encapsulated in polyethylene vials and irradiated (600 s) with thermal neutrons (flux: 2.6 × 1016 m-2. s-l) in the nuclear reactor of the Interfaculty Reactor Institute in Delft, The Netherlands. The radioactivity of 38C1 induced by the nuclear reaction, 37C1(n, 'y)38C1, was measured by a Ge(Li) gamma spectrometer. The chlorine standards consisted of (3-5 mg) pure CdS spiked with known amounts of NH4C1. "' Samples of precipitates obtained from media containing chloride or perchlorate were analyzed. In order to obtain information on the spatial distribution of chlorine in the partides (viz surface versus bulk), the precipitates were slightly etched using diluted sulfuric acid (shaking of 40 mg CdS in 0.04 liter 5 × 10 -3 M H2SO4 at 25°C for 24 h) and analyzed again. The samples to be analyzed were prepared from acid suspensions by filtration, washing (with 0.1 liter water and 0.05 liter acetone) and drying (at 110°C), of the precipitate.
In addition to neutron activation analysis, a radiotracer technique was applied to measure the amount of chloride in a precipitate formed in a medium containing chloride. For this purpose a small amount of radioactive 38C1-(produced by irradiation of HC1 with thermal neutrons) was added to the medium and the precipitation was then carried out. The precipitate was separated from the solution and its radioactivity measured and compared with the radioactivity of a sample withdrawn from the medium prior to the precipitation.
A similar technique was used to measure the sulfate impurity concentration in CdS precipitates formed in media containing sulfate. Here a small amount of radioactive 35SO 2-(as sulfuric acid) was added to the medium. Before the radioactivity measurement (liquid scintillation counting) the precipitates were dissolved in concentrated HCI, H2S expelled by flushing with argon, and the solution neutralized with NaOH (of pH = 14). Also here the samples were etched with diluted sulfuric acid in order to obtain information on the spatial distribution of sulfate in the particles.
Calculation of the Supersaturation Ratio
The supersaturation ratio S has been defined as S-acrid+as2- [4] Kso in which aca2+ and as2-are the ionic activities of the indicated species in the precipitation medium saturated with H2S but prior to any precipitation, and Kso is the solubility product of CdS. The ionic activities of Cd 2+ and S 2-in solutions of various ionic strengths were obtained by multiplying their concentrations by corresponding ionic activity coefficients (19) . An iteration method was applied to calculate these concentrations from the mass balances and stability constants of various species present in the media (CdNO~, Cd(NO3)2, CdC1 +, CdC12, CdCI~, CdSO4, CdC10 ~, HNO3, HC1, HSO4, H2804, HC104, HS-, H2S) (20) . The solubility of HzS in water at 25°C was deduced by interpolation from data for 0 and 40°C (21) . Although the solubility products of the cubic and the hexagonal modification of CdS seem to be slightly different, only one single value of Ks0 was adopted for both modifications (13). The logarithms of supersaturation ratios as calculated by Eq. [4] are given in Table I . RESULTS 
AND DISCUSSION
Crystal Structure Figure 1 shows the relation between the fraction of the cubic modification in CdS of the precipitates Foub and the logarithm of the supersaturation ratio S for media of different compositions. None of the precipitations yielded cubic CdS unmixed with hexagonal CdS. However, hexagonal CdS free of cubic CdS (Fcub < 0.01 ) was obtained from media containing more than 0.32 mole-liter-1 chloride (salts + acid) at log S < 2.4.
The experiments carded out in Cd (NO3) 2 / HNO3 media with 0, 10 -5 and 0.004 mole. liter-1 NHaC1 and all having almost the same log S (3.45 > log S > 3.42), resulted in CdS with Feub = 0.60, 0.53, and 0.39, respectively. A precipitation carded out in a similar CdC12/HNO3 medium containing 0.04 mole-liter -1 chloride led--for a slightly smaller log S value ( = 3.20)--to Fcub = 0.15 (curve 2 in Fig. 1 ) . Apparently, the presence of even small amounts of chloride in precipitation media promotes the formation of hexagonal CdS. This conclusion coincides with findings of other authors for substantial amounts of chloride ( 12, 13) .
The total anion concentration in a given type of precipitation medium is not the same for different log S values. The fraction of cubic modification in CdS of a precipitate to be obtained from a two-component medium (viz. Cd(NO3)2/HNO3, CdC12/HC1, Cd(C104)2/ HC104, or CdSO4/H2SO4) can be described by the empirical equation [51 in which [X]t is the total anion concentration in mole-liter -1, and Pl, P2, and P3 are parameters obtained by multiple regression of log F~ub on log S and log[X]t. The values of these parameters, their standard deviations, and the correlation coefficients pertaining to four different media are given in Table II . In (20) and 0 liter-mole-1 ). The greater the complex formation constant, the stronger the interaction between these anions and Cd 2+ in CdS nuclei being formed. The microstructure of the mixed-phase CdS particles determined by electron diffraction analysis indicates that separate crystallites in these particles have either the cubic or the hexagonal structure and are not polytypes.
Crystallite Size, Particle Size, and Void Fraction
The average sizes ofcrystallites and particles (Table I ) is expected to be dependent on the amount of cadmium initially present in the precipitation medium, the density, and the number of nuclei formed.
The number concentration of crystallites Arc has been calculated from the amount of precipitate in 1 liter, the density of CdS, and the average crystallite size, dc (Table I ). In Fig. 2 , log Arc is presented as a function of log S for all precipitation media. Linear regression of log Arc on log S for the two-component media results in the empirical equation Nc = p4S p5 [6] which is valid for 1.5 < log S < 5.1 (for perchlorate media 2.5 < log S < 4.1 ) and in which the parameters P4 and P5 and their standard deviation pertaining to four different media are given in Table III . The differences with respect to the values of the parameters P4 and P5 between nitrate, chloride, and sulfate media are insignificant in comparison with their standard deviations. Apparently these anions influence the ratio between the number concentrations of cubic and hexagonal crystallites (Fig. 1 ) , but not the sum of both number concentrations (Fig. 2) . In perchlorate media Nc and the effect of S hereupon is high in comparison with the other media for log S > 3. This may be related to the fact that C104 is the only one that forms no complexes with Cd 2÷. Eq. [6] for N= E 4, [7] for N v Eq. [8] for The number concentration of particles Np can be calculated from the amount of precipitate, the apparent densities of the CdS panicles, and the number, volume mean diameter dv (Eq. [2 ] ). The apparent densities were determined experimentally (Table I) or estimated by inter-or extrapolation of data found at different S but in the same type of precipitation medium. Figure 3 shows the relation between log Np and log S for media of different compositions. Some transmission electron microphotographs of particles obtained from various precipitation media are selected for illustration of the results shown in Fig. 3 .
By linear regression of log Np on log S the following empirical relation could be deduced, Np = p6 SpT, [7] which is valid for 1.5 < log S < 5.1 (for perchlorate media 2.5 < log S < 4.1 ). The parameters P6 and P7 and their standard deviations are given in Table III for the two-component precipitation media.
The mean number of crystallites in one particle Na, calculated from the diameters and densities of crystallites and particles, can be related to S by the empirical equation
Na= ~L~J = Pss'~ [8] in which the density of crystallites, Pc, is taken to be equal to that of compact CdS. The relation between Na and S is valid for 1.5 < log S < 5.1 (for perchlorate media 2.5 < log S < 4.1 ) and the parameters P8 and P9 are given in Table III . The number concentration of panicles Np in chloride media is considerably higher (300 times at log S = 2) while the number of crystallites in one particle Na is much lower (190 times at log S = 2) than that in nitrate and sulfate media. Chloride inhibits the aggregation of crystallites into panicles. The particle number concentration in perchlorate media at rather small S values (log S < 3.4 in Fig. 3 ) is also lower than that in chloride but differs not significantly from those nitrate and sulfate media, while Na is Although for all media both particle and crystallite number concentration increases with S, Na decreases with S. The effect of supersaturation (or herewith related crystallite number concentration) on Na appears to be more pronounced in the presence of nitrate or sulfate than in the presence of chloride. At log S = 5, however, Na tends to the same value, regardless of the type of the anion present in the solution. In perchlorate media the relation between Na and S is more affected by S than that in chloride media but less than that in nitrate and sulfate media, moreover there is no convergence with respect to the particle number concentration with the other at high supersaturation.
The void fraction of the particles (Fv = 1 -P/Pc) increases with increasing log S (Fig.  4) up to a value Fv = 0.15-0.22, approximately independent of log S. None of the precipitates is free from interstitial space between crystallites of the particles. Ultrasonic vibration of the precipitates resuspended in water did not lead to disintegration of the particles as was observed by following the sedimentation behavior and by light microscopic examination of the particles before and after ultrasonic vibration for 15 min. From these results it may be concluded that the particles are aggregates of crystallites which are firmly interlinked but still have interstitial space between them.
Consequently the following precipitation model for the conditions described in this paper is proposed: CdS particles arise by (i) homogeneous nucleation, (ii) growth from nuclei to single-phase (hexagonal or cubic) crystallites, and finally (iii) aggregation and cementation of crystallites by continuing crystal growth or recrystallization into polycrystalline mostly mixed-phase particles. A similar model may be deduced from data presented in the literature (22) , despite the different procedure which was followed.
Specific Surface Area
Both the BET specific surface area A and the geometric specific surface area of particles Ageo (Eq. [ 3 ] ) increase with the supersaturation ratio, S, due to decreasing particle and crystallite sizes. However, the roughness factor, i.e., the ratio of A and Ageo , tends to decrease with increasing S. This roughness factor increases with increasing Na (Fig. 5 ) . Less single crystallites, having relatively fiat surfaces, in a particle will probably lead to less spacing between the crystallites at the outside of the particles and hence to a lesser roughness of the particle surface.
Anionic Impurities
The chlorine impurity concentrations (Table I) determined with instrumental neutron activation analysis ranged from <2/zmole • g-1 (<0.03 mole%) to 707 #mole-g -1 (9.5 mole%). Some of these values were confirmed within 5-15% by the radiotracer technique. X-ray analysis (with a detection limit of approximately 2 mole% cadmium chloride) proved that these chlorine impurities are probably not present in the crystalline form of cadmium chloride or cadmium chloride hydrate.
By etching the precipitates with diluted sulfuric acid the chloride impurity concentration was reduced by almost 65% (cit in Table I ). A substantial amount of chlorine is present in the bulk phase of the particles. The amount of chloride per crystallite surface area r in the precipitates was deduced from cit and the geometrical surface area of crystallites as was calculated with the aid of Eq. [3] assuming ds = dv = de. The calculated value of r increases linearly with the total chloride concentration in the precipitation media (Fig. 6 ). This points to specific adsorption of chloride on the surface of the crystallites inside the particles.
The percentage perchlorate, measured as total chlorine via instrumental neutron activation analysis in CdS precipitated from perchlorate media varies between 0.1 and 3.6 mole%. By etching with diluted sulfuric acid 80 to 90% of the amount of perchlorate originally present was removed from these precipitates (Table I ). This indicates that perchlorate is mainly adsorbed at the surface of the particles and not incorporated into the particles.
Amounts of 0.4-1.3 mole% sulfate were found in precipitates obtained from media with various sulfate concentrations, which could be removed for 14-87% by etching the precipitates with diluted sulfuric acid (Table  I) . Also sulfate seems to be mainly present at the surface of the particles but is more strongly adsorbed than perchlorate.
General Discussion
Direct comparison with literature is difficult since for available Fcub values corresponding S values are not reported. However, literature data supported some of the trends found. The values mentioned in [13] for media compositions of 0.36 mole.liter -~ H2504, 0.22 mole.liter 1 HC1, and 0.92 mole-liter -1 HC104 agree quite well with values found in this study at log S = 4 (Fig. 1 ) .
The crystal structure of CdS particles obtained by precipitation is affected by the supersaturation ratio as well as by the nature and/or concentration of the anion(s) in the precipitation solution. Apart from its effect on the supersaturation ratio, an anion may influ- ence the nucleation rate of each phase and thus the crystal structure of the crystallites in the single or mixed-phase particles via modification of (i) surface properties, e.g., the interfacial tension, (ii) kinetically, e.g., the desolration frequency of Cd, or (iii) bulk related parameters, e.g., the ionic activity coefficients (23) .
In various aspects considered here, chloride behaves obviously in a different way than the other anions, namely (i) it promotes strongly the formation of hexagonal CdS, (ii) it probably inhibits the aggregation of crystallites leading to more but smaller particles, and (iii) it adsorbs on the surface of crystallites and is consequently incorporated into the particles during the process of aggregation and cementation. C1-seems to be intensely involved in the precipitation process from the beginning (i.e., the nucleation) to the end (the formation of aggregates).
CONCLUSIONS
The HeS precipitation from acidic cadmium solutions according to a rather simple procedure as presented in this work yields CdS powders containing spherical CdS particles. The crystal structure varies between 0% cubic (100% hexagonal) and 80% cubic (20% hexagonal), the average particle size between 40 nm and 10 #m, and their relative standard deviation between 30 and 50%. The particles are polycrystalline and predominately mixedphase aggregates of single-phase crystallites with average sizes within the range of 6-130 nm. With the quantitative information from this work on the relationship between properties of CdS powders at one side, the supersaturation ratio and composition of their precipitation medium at the other side, powders of different types can be obtained. Some of them are suited for our radiotracer studies, the ultimate aim of this study.
The uptake of chloride into the interior of CdS particles during the precipitation from media containing chloride can be restrained by reducing the chlorine concentration in the solution as well as the specific surface area of crystallites aggregated into the particles. Sulfate and perchlorate impurities can be mainly removed from the precipitates by etching with a diluted sulfuric acid solution. BET specific surface area Geometric specific surface area Ionic activity of Cd 2+ and S 2-, respectively Impurity concentration in CdS before and after treatment with sulfuric acid, respectively Mean particle diameter Average particle diameter of class i Average crystallite size Number, length mean particle diameter Number, surface mean particle diameter Number, volume mean particle diameter Mole fraction of cubic modification in CdS Void fraction of particles Intensity of (hkl) line in X-ray powder diffractogram Solubility product Number of crystallites in one particle Number concentration of crystallites Number of particles within diameter class i Number concentration of particles Total number of particles counted on electron micrographs Number of diameter classes I~/I~oo for equal amounts of cubic and hexagonal CdS Parameters in Eq. [5] Parameters in Eqs. [ 6 ] , [ 7 ] , and [ 8 ] , respectively Parameters in Eqs. [ 6 ] , [ 7 ] , and [ 8 ] , respectively loo2/11oo for hexagonal CdS Supersaturation ratio in Eq. 
